Hydrogels based on acrylamide (AA) and sodium methacrylate (NMA) as ionic monomer were prepared by solution polymerization using N,N'-methylenebis(acrylamide) (MBA) or ethylene glycol dimethacrylate (EGMA) as crosslinkers and Ammonium Persulfate (APS) and N,N,N',N'-Tetramethyl-ethylenediamine (TMEDA) as initiators. Swelling behavior was greatly affected by NMA content near phase transition. Increasing ionic monomer concentration compared to total monomer one led to high expansion in water, oscillating around 285 g/g for MBA and 325 g/g for EGMA crosslinker, above 20% of NMA. Dynamic Light Scattering experiments were performed and, for both crosslinkers, the dynamic correlation length (ξ) decreased with increasing NMA content, contributing to diminish hydrogels spatial inhomogeneities.
Introduction
Superabsorbent polymers (SAP) represent a special polymer class with great swelling capacity in water, compared to other absorbent materials [1] . This is possible because they are lightly crosslinked, forming a three-dimensional network structure. Depending on the backbone charges, these materials can be categorized in ionic and non-ionic.
The SAP production for personal care products, such as baby diapers and feminine incontinence products, accounts for about eight percent of its production, but research over the past 30 years has led to new applications in several areas, such as agriculture, pharmaceutics, separation technology, electrical and construction [2] . Several authors have been developing different SAPs based on acrylamide, with different ionic monomers.
For instance, Mohana Raju et al. have studied hydrogels with calcium, sodium and potassium methacrylate and evaluated their swelling capacity under different conditions [3] - [6] . Karadag et al. have studied hydrogels with sodium acrylate and crotonic acid with different crosslinkers [7] - [9] . More recently they've published new research of hydrogels using sodium methacrylate as ionic monomer and urea as biopotencial sorbent [10] . Berna Yildiz et al. have developed thermoresponsive hydrogels based on isopropylacrylamide and acrylamide [11] .
Other authors have studied swelling behavior not only in water but also in saline solutions [12] - [14] . The aim of this study was to develop new hydrogels based on Acrylamide (AAm) and Sodium Methacrylate (NMA) as ionic monomer, using different crosslinkers, find their phase transition and evaluate their swelling behavior.
Non-idealities during gelation necessarily result in hydrogels with a large number of network defects, affecting their physical properties such as swelling, elasticity, transparency, and permeability. One of these defects is the inhomogeneous distribution of the crosslink points along the gel sample, which is known as the spatial gel inhomogeneity [15] . Since the ionization of polymer hydrogels is one of the methods used to suppress these inhomogeneities, dynamic light scattering experiments were also performed.
Experimental
The experiments carried out in this work involved the hydrogel syntheses, the determination of their amount of swelling at equilibrium and dynamic light scattering measurements.
Materials
Acrylamide (AAm) and Sodium Methacrylate (NMA) were used as monomers, N,N'-methylenebis(acrylamide) (MBA) and ethylene glycol dimethacrylate (EGDMA) were used as crosslinkers and Ammonium Persulfate (APS) and N,N,N',N'-Tetramethyl-ethylenediamine (TMEDA) were used as initiators. All chemicals were supplied by Sigma-Aldrich with exception of APS, which was supplied by Mallinckrodt Chemicals.
Hydrogels Syntheses
Hydrogels were synthesized by free-radical copolymerization of AAm and NMA, using water as solvent. Jerten nomenclature was used to specify the amounts of each reagent in solution. It is composed by three parameters: X:Y:Z, where X is total monomer concentration (w/V %), Y is crosslinker concentration per X ratio (w/w %) and Z is ionic monomer concentration per X ratio (w/w %).
Different amounts of monomers were weighted in the same beaker, the desired amount of crosslinker was added, followed by 15 ml of water. The mixture was stirred for reagent's dissolution and then 0.05 g of APS was weighed, dissolved in 160 μL of TMEDA 10% solution and added to it. The final solution was transferred to a glass tube with two exits and was purged with nitrogen gas for 5 minutes. The copolymerization reaction was conducted for 24 hours. Hydrogels samples were washed with water, cut and dried in the oven at 60˚C for 24 hours.
Swelling Studies
Hydrogels dried samples were weighted and added to 100 ml of distilled water at room temperature. After 24 hours, samples were weighed again. Swelling was calculated by Equation (1) .
where W s is the swollen weigh and W d , the dried weigh of the samples.
Dynamic Light Scattering Experiments
With the purpose of studying the dynamic correlation length for the synthesized systems, dynamic light scattering measurements were carried out at 25˚C, after a reaction time of 24 hours, using a goniometer equipped with a photon detector (EG & G SPCM) and a He-Ne laser (60 mW wavelength of 632.8 nm). The scattering angle was fixed at 90˚.
Syntheses were made for both crosslinkers using the same procedure as before but gelification occurred in Eppendorf tubes. After 24 hours, hydrogels samples were washed with water, transferred to a sample holder with 20 mL of water and were left resting 24 hours to swell.
Results and Discussion
By fixing the amount of crosslinker and NMA content and by varying the total monomer concentration hydrogels phase transitions were found. Then new syntheses were made fixing total monomer concentration and increasing the amount of ionic monomer to evaluate their swelling behavior near phase transition and deviating from it, for both crosslinkers. Dynamic Light Scattering experiments were also performed for hydrogels near their phase transition to measure the dynamic correlation length, which is associated to spatial gel inhomogeneities. The results are presented and discussed in this section.
Phase Transition Experiments
First, hydrogels were synthesized varying X values and maintaining 1% Y and 30% Z fixed. The first X values were chosen based on previous work [16] . Table 1 presents synthesis parameters for MBA and EGMA.
For MBA, gelations were successful for all compositions, but there was no reproducibility for 5:1:30. Syntheses with EGMA were successful until 15% of total monomers but the composition 10:1:30 formed a polymeric solution. New experiments were made between 14% and 11% of total monomers and it was possible to obtain consistent hydrogels until 12% of X. To guarantee system stability, 6% and 14% of total monomers were chosen for MBA and for EGMA new syntheses, respectively. Comparing the two limits achieved with different crosslinkers, we can see that MBA is more effective than EGMA to form consistent hydrogels with less total monomers.
Swelling Behavior for Both Crosslinkers
Once the phase transitions for both systems were found, new experiments were made maintaining X and Y constant and varying Z from 0% to 35%, as is presented in Table 2 .
Swelling measurements were conducted for all samples and the results are presented at Figure 1 .
As it can be seen, NMA concentration affects hydrogels swelling behavior. With no NMA content, swelling is very low but increases with Z up to 20%. This result is quite expected, since ionic monomers promote more sites for hydrogen bonds. Then, swelling decreases in the range of 25% -30% of Z, increases again from 30% to 35% and decreases again, oscillating around 285 g/g for MBA and 325 g/g for EGMA crosslinker.
Both crosslinkers presented great swelling results, although EGMA hydrogels expands more in water compared to MBA ones. It can also be seen that changes in swelling behavior are more abrupt for EGMA than to MBA hydrogels.
New experiments were made to test hydrogels behavior deviating from phase transition. The chosen compositions are listed at Table 3 . Figure 2 and Figure 3 presents swelling behavior for these hydrogels. Until 10% of NMA, all hydrogels made with MBA crosslinker behave similarly, but above this content, the 6:1:Z curve shows a better swelling behavior compared to others. It seems that increasing total monomer concentration lead to hydrogels with larger and more entangled chains, so that they cannot swell as much as before.
The behavior for hydrogels with EGMA is similar to MBA ones until 20% of NMA. After that point, while the 18:1:Z curve stabilizes around 200 to 250 g/g of expansion, the 16:1:Z and 20:1:Z show increasing swelling until 30% of NMA with a maximum peak for 16:1:Z of 377 g/g.
Comparing Figure 2 and Figure 3 , it is possible to infer that EGMA crosslinker provides hydrogels with greater swelling behavior than the ones with MBA. For instance, the maximum expansion with MBA, for 6:1:35, was 397 g/g, while with EGMA, for 16:1:35, was 490 g/g, almost one hundred times bigger.
Comparing to literature, Raju et al. [5] obtained maximum swelling of 191 g/g and Karadag et al. [10] , 88 g/g, for hydrogels based on acrylamide and sodium methacrylate, using EGMA as crosslinker. These so different results for similar systems show that chain length, entanglement and network strength and ultimately, swelling behavior are greatly affected by total monomer, ionic monomer and crosslinker concentration. Table 3 . Experiments with NMA and total monomers variation. 
Dynamic Light Scattering Results
The chosen compositions for dynamic light scattering experiments were the phase transition ones: 6:1:Z for MBA and 14:1:Z for EGMA, varying NMA content from 0% to 45%. Results are presented at Figure 4 , where the upper graphic represents scattering intensity and the lower one, dynamic correlation length versus NMA content. MBA hydrogels samples were tested two times within a week and are represented by red circles and blue crosses. Black stars represent EGMA hydrogels samples. As it can be seen, for both crosslinkers, the dynamic correlation length (ξ) decreases with increasing NMA content. As it represents an average distance between entanglements, results show that the ionic monomer provides higher interaction and entanglement between network chains, contributing to diminish spatial inhomogeneities in hydrogels.
Conclusion
Hydrogels based on AA and NMA using MBA or EGMA as crosslinkers were developed and their phase transition was found. New syntheses were made with increasing amount of ionic monomer and their swelling behavior was evaluated. Both crosslinkers presented great swelling results, although EGMA hydrogels expands more in water compared to MBA ones. Deviating from phase transition, i.e. increasing total monomer concentration, leaded to less expansive hydrogels, probably due to larger and more entangled chains. Dynamic Light Scattering experiments were performed for hydrogels near their phase transition and it was seen that dynamic correlation length decreased with increasing sodium methacrylate content. 
